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Abstract The Key Tuffite is a stratigraphic marker unit for
most of the zinc-rich volcanogenic massive sulfide deposits of
the Matagami Camp in the Abitibi Greenstone Belt. This 2- to
6-m-thick unit was previously interpreted as a mixture of ash
fall (andesitic to rhyolitic tuffaceous components) and
volcanogenic massive sulfide (VMS)-related chemical sea-
floor precipitate (exhalative component). Previous attempts
to develop geochemical exploration vectoring tools using
metal content within the Key Tuffite were mostly inconclusive
due to the complex nature of the Key Tuffite unit and a poor
understanding of its composition, origin and relationship with
the VMS-forming hydrothermal systems. Detailed mapping
and thorough lithogeochemistry of the Key Tuffite in the
vicinity of the Perseverance and Bracemac-McLeod deposits
indicate that the Key Tuffite is a homogeneous calc-alkaline,
andesitic tuff that was deposited before the VMS deposits
were formed. The unit is mostly devoid of exhalative compo-
nent, but it is strongly hydrothermally altered close to
orebodies. This is characterized by a strong proximal
chloritization and a distal sericitization, which grades laterally
into the unaltered Key Tuffite. Neither the Key Tuffite nor the
ore was formed by seafloor exhalative processes for the two
studied deposits. This probably explains why previously

proposed exploration models based on metal scavenging
proved unsuccessful and suggests that a re-evaluation of the
exhalative model should be done at the scale of the mining
camp. However, as shown in this study, hydrothermal alter-
ation can be used to vector towards ore along the Key Tuffite.
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Introduction

Since the discovery of the Matagami mining camp (Quebec,
Canada) in the Archean Abitibi Greenstone Belt at the end of
the 1950s, there has been a debate over the origin of the zinc-
rich volcanogenic massive sulfide (VMS) deposits. Two
schools of thought exist. Originally, most of the early workers
regarded the ore deposits as epigenetic bodies formed by
replacement processes (Miller 1960; Jenney 1961; Hallam
1964; Tully 1964; Sharpe 1968). Latulippe (1959) was how-
ever the first to propose that most of the features were com-
patible with a syngenetic exhalative origin, with the main
argument based on the association of all the mined deposits
with a regional stratigraphic marker known as the Key Tuffite
(Miller 1960). The Key Tuffite is a laterally extensive
(~17 km), continuous and thinly layered tuffaceous to cherty
unit that is 2 to 6 m thick on average (Fig. 1). This unit has
been used as a first-order vector for exploration in the camp
for the last 50 years. The discovery of sulfide chimney and
mound deposits on the modern seafloor (e.g. Corliss et al.
1979) at the end of the 1970s gave credence to the exhalative
model. Since then, this model has been generally accepted for
the Matagami mining camp (Roberts 1975; Roberts and
Reardon 1978; MacGeehan and MacLean 1980; Costa et al.
1983; Ioannou et al. 2007). As such, Matagami is often quoted
as a classical example of exhalative-style mineralization.

Editorial handling: G. Beaudoin

Electronic supplementary material The online version of this article
(doi:10.1007/s00126-013-0499-7) contains supplementary material,
which is available to authorized users.

D. Genna (*) :D. Gaboury
Experimental and Quantitative Metallogeny Research Laboratory
(LAMEQ), Université du Québec à Chicoutimi, 555 boul. de
l’Université, Chicoutimi, Quebec G7H 2B1, Canada
e-mail: gennadomi@hotmail.com

G. Roy
Glencore, Bureau d’exploration Matagami, C.P. 819, Matagami,
Quebec J0Y 2A0, Canada

Miner Deposita (2014) 49:489–512
DOI 10.1007/s00126-013-0499-7

http://dx.doi.org/10.1007/s00126-013-0499-7


However, the atypical geometry of the last two VMS discov-
eries at Matagami, the Perseverance (Arnold 2006) and
Bracemac-McLeod (Adair 2009) deposits, challenges the ac-
cepted ore-forming exhalative model. The Perseverance mine
consists of three sub-vertical orebodies overlain by a sub-
horizontal, barren, but strongly silicified, Key Tuffite. In
contrast, the Bracemac-McLeodmine consists of (1) twomain
sheet-like massive sulfide deposits (Bracemac and McLeod)
occurring at the Key Tuffite stratigraphic interval which ex-
hibit both stratabound and crosscutting relationships and, (2)
in the Bracemac deposit, two sheet-like massive sulfide lenses
located 180 and 270m stratigraphically above the Key Tuffite,
respectively.

In this contribution, the geological setting of the Perse-
verance and Bracemac-McLeod deposits is described with
an emphasis on the nature and origin of the Key Tuffite
and its relationship with the ore-forming hydrothermal
systems. Previous studies concluded that the Key Tuffite
was the result of the mixing of at least two components in
varying proportions: (1) tuffaceous (ash) and (2)
exhalative (Davidson 1977). However, proposed geo-
chemical vectoring tools based on these considerations
were mostly inconclusive at Matagami (MacLean and
Davidson 1977), contrary to other VMS districts where
exploration vectors based on exhalative units proved to be
successful, such as in the Bathurst camp, Canada (Peter
and Goodfellow 2003) and the Hokuroku District, Japan
(Kalogeropoulos and Scott 1983). Moreover, most ancient
VMS deposits have undergone post-ore, late-stage epi-
sodes of hydrothermal alteration and/or seafloor and re-
gional metamorphism, which can alter primary features of
tuffaceous exhalites (Franklin et al. 1981; Large 1992).
Therefore, a third component must be taken into consid-
eration when characterizing tuffaceous exhalites and try-
ing to develop geochemical exploration vectors: epigenet-
ic hydrothermal alteration. Although the term epigenetic
generally refers to much later events, it is used here to
describe all the hydrothermal processes that might have
modified the composition of the Key Tuffite after its
deposition, which comprises the alteration and minerali-
zation still synvolcanic in origin.

The three components of the Key Tuffite (tuffaceous,
exhalative and hydrothermal) were independently character-
ized using field observations, geometric relationships and
geochemical data. Our study indicates that the Key Tuffite,
although representing a major break in effusive volcanic ac-
tivity, is not an exhalite unit sensu stricto. The Key Tuffite is
now interpreted as a homogeneous calc-alkaline andesitic tuff
mostly devoid of exhalative component that is however
strongly hydrothermally altered proximal to VMS hydrother-
mal systems. These features, combined with geometric rela-
tionships between the Key Tuffite and the orebody shapes,
imply that the mineralization was mostly formed by sub-

seafloor replacement, in agreement with mine-scale observa-
tions. Neither the tuffite nor the mineralization was dominant-
ly formed by seafloor exhalative processes, explaining why
exploration tools proposed in the past based on metal scav-
enging were not efficient. However, our study of the Perse-
verance and Bracemac-McLeod deposits indicates that hydro-
thermal alteration along the Key Tuffite has a real potential to
be used as an exploration tool.

Regional geology

The Archean Abitibi Greenstone Belt in Canada is the largest
(300×700 km) and also one of the richest greenstone belts in
the world with approximately 90 VMS deposits (Card 1990;
Allen and Weihed 2002; Mercier-Langevin et al. 2011). The
Abitibi Greenstone Belt is an east-trending volcano-
sedimentary sequence intruded by plutonic suites that display
evidence of arc evolution, arc–arc collision and arc fragmen-
tation dating from 2,735 to 2,670 Ma (Daigneault et al. 2004;
Mueller et al. 1996, 2009).

The 2.7-Ga (Mortensen 1993; Ross et al. 2014)
Matagami mining camp (Fig. 1) is located in the northern
part of the Abitibi belt close to the boundary with the
Opatica sub-province to the north. The camp constitutes
an important zinc district with more than 60 Mt of zinc-
rich ore (19 deposits and prospects, including 13 past and
current producers; Mercier-Langevin et al. 2014; Ross
et al. 2014). All of the known VMS deposits of the camp
are spatially associated with extensive felsic bands that are
divided into the north flank, the south flank and the west
camp (Fig. 1). The intensity of deformation is higher on
the north flank compared to the other felsic bands (Piché
et al. 1993) because of its proximity to the Opatica sub-
province boundary (Pilote et al. 2011). Regional metamor-
phism generally reached greenschist facies but locally
amphibolite facies on the north flank (Jolly 1978). Despite
numerous studies (e.g. Jenney 1961; Sharpe 1968; Roberts
1975; Beaudry and Gaucher 1986; Piché et al. 1990), the
understanding of the camp remains limited in part because
of the scarcity of outcrops.

The general volcanic stratigraphy of the camp, as pro-
posed by Sharpe (1968) and validated by Piché et al.
(1990), is divided into the Watson Lake Group at the base
and the Wabassee Group at the top (Fig. 1b). The Key
Tuffite and all the major deposits are located at the inter-
face of these groups. The Watson Lake Group is composed
of two felsic units: (1) a poorly exposed lower dacite
(500 m thick minimum; Piché et al. 1993) and (2) an
upper rhyolite (1,500 m thick), termed the Watson rhyolite
(2,725.9±0.8 Ma; Ross et al. 2014). Both show good
evidence of submarine volcanic textures (Piché et al.
1993; Debreil and Ross 2009). According to the
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geochemical classification of rhyolites associated with
VMS mineralization (Lesher et al. 1986; Hart et al.
2004), the Watson rhyolite (FIIIb type) is considered par-
ticularly fertile (Gaboury and Pearson 2008). The
Wabassee Group (3,000 m thick) mostly comprises mas-
sive or pillowed mafic lavas of basaltic and andesitic
composition. However, two felsic units are present in the
Wabassee Group along the south flank (Fig. 1b). At the
Perseverance mine, the hanging wall is the Dumagami
rhyolite (up to 400 m thick), whereas the Bracemac rhy-
olite (up to 70 m thick) is the hanging wall of the
Bracemac-McLeod deposits. The ages of these two rhyo-
lites are 2,725.4±0.7 and 2,725.8±0.7 Ma, respectively
(Ross et al. 2014). Both the Watson Lake and the
Wabassee Groups are locally crosscut by late phases of
the underlying Bell River Complex, a large synvolcanic
tholeiitic gabbro-anorthosite-layered intrusion dated at
2,724.6±2.5 Ma (Mortensen 1993). This intrusion is
interpreted as the source for the overlying volcanic units

and as the thermal source for the formation of the VMS
deposits (Piché et al. 1990; Maier et al. 1996; Ioannou and
Spooner 2007; Carr et al. 2008).

The Key Tuffite

The Key Tuffite lies at the interface between the Watson
and the Wabassee Groups. It is a continuous unit which is
0.1 to 10 m thick and extends for over ~17 km on strike in
a north-west–south-east direction. Recent work on the
west camp suggests that the Key Tuffite could also be
present west of the south flank (Masson 2000; Bussières
and Théberge 2006), increasing significantly the lateral
extension of the Key Tuffite (>20 km). Observations by
many authors on the Key Tuffite in the vicinity of VMS
deposits along the south flank lead to the following char-
acteristics, which over time have been assumed to be
representative of the Key Tuffite at the camp scale:
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– The Key Tuffite is mostly delicately layered (e.g.
Davidson 1977; Costa et al. 1983; Liaghat and
MacLean 1992) and divided in three major zones: an
upper fragmental zone, a central well-bedded cherty
zone and a lower tuff zone with some larger fragments
resembling the Watson rhyolite. One or even two of

these zones can be missing in some sections (Davidson
1977).

– The Key Tuffite is composed of volcanic ash altered to
chlorite and sericite and mixed with chemical sediments,
including chert, sulfides and carbonates (Davidson 1977;
Liaghat and MacLean 1992).
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– The average metallic content is high (1.4 % Zn, 0.1 % Cu
and anomalous values of Pb, Co, Ni and Cr) as reported in
the vicinity of the Bell Allard South deposit by Davidson
(1977).

However, these observations on the Key Tuffite are not
necessarily valid away from mineralization and alteration.
Figure 2 presents two sections of Key Tuffite both located at
>1 km away from any known deposit. Their position in the
mining camp is illustrated in Fig. 1. Four main textural fea-
tures are identified regarding layering: well or poorly devel-
oped layering, no bedding (massive) and brecciated (Fig. 2).
The two drill holes are separated by a horizontal distance of
~500 m. Lateral layer correlation appears very difficult based
solely on the bedding. The thinly laminated layering, domi-
nant in the Key Tuffite close to mineralization, appears to be a
minor feature away from the mineralization. The bedding is
not always well developed and previously unrecognized mas-
sive zones are dominant (Fig. 2b, e). The vertical variations
proposed by Davidson (1977), based on the observations at
Bell Allard South deposit, are not observed in these sections.
From a mineralogical point of view, chert, considered to be by
far the dominant component (up to 50 %) in the Key Tuffite
(Davidson 1977; Liaghat and MacLean 1992), is present only
locally. However, chlorite and sericite represent the dominant
assemblage of the Key Tuffite. Finally, the base metal sulfides
such as sphalerite and chalcopyrite are absent. These observa-
tions challenge the original perception of the Key Tuffite.
Specifically, the well-developed layering, considered as the
best evidence of component mixing (i.e. tuffaceous, hydro-
thermal: exhalative/alteration), disappears away from the min-
eralized lenses, questioning the origin and the source of the
different components.

Geology of the Perseverance and Bracemac-McLeod
deposits

Volcanic stratigraphy

The Perseverance and Bracemac-McLeod deposits are located
at the most northern and southern ends of the south flank,
respectively (Fig. 1a). The volcanic sequence of the south
flank trends north-west with a variable dip towards the
south-west. In the northern part (Perseverance area), the vol-
canic sequence is sub-horizontal with a shallow dip of 10°
towards the south-west. The dip progressively increases going
south-east to reach a maximum of 65° in the Bracemac-
McLeod area. The general stratigraphic sequence is shown
in Fig. 1b, whereas the detailed geology of both deposits is
illustrated in the cross sections of Figs. 3 and 4. The litholog-
ical descriptions and main chemical characteristics of each
unit are summarized in Table 1.

The Key Tuffite is well developed in the Perseverance and
Bracemac-McLeod areas. Its thickness ranges between 0.1
and 10 m and in some places it is absent. Such variations
can occur over short distances andmake correlation of specific
beds impossible. In addition, there is no systematic increase in
the thickness of the Key Tuffite towards the deposits as
previously documented around the Bell Allard South deposit
(Davidson 1977), 2.2 km north-west of Bracemac-McLeod
(Fig. 1).

At Perseverance, the Key Tuffite has a simple homoge-
neous facies, devoid of sulfides, which is dominated by alter-
nating layers of silica and chlorite. Numerous soft sediment
features, such as convoluted laminations, load and slump
structures (Fig. 5f), are abundant in the Key Tuffite, which
suggest important submarine tuffaceous sedimentation. In
contrast, the Key Tuffite in the Bracemac-McLeod area con-
tains a larger variety of facies composed of different amounts
of quartz, chlorite, sericite, sulfides (mostly pyrite) and car-
bonate (Figs. 5a–e and 6). In the chert-rich facies, delicate
lamination features are well preserved, whereas the bedding
appears coarser in chlorite-rich facies.

In the vicinity of the Perseverance and Bracemac-McLeod
deposits, the Key Tuffite is overlain by felsic rather than mafic
units. At Perseverance, the felsic unit is the Dumagami rhyo-
lite, which in fact has a rhyodacitic composition (Table 1). At
Bracemac-McLeod, the felsic unit is the Bracemac rhyolite.
This unit is very similar (in geochemical composition and in
age) to the Watson rhyolite (Table 1). In turn, the Bracemac
rhyolite is overlain by a thin exhalative unit: the Bracemac
Tuffite which marks the transition into the andesitic rocks of
the Wabassee Group. Most of the volcanic units in the lower
part of the south flank (mine sequence) are tholeiitic except for
the lower andesitic unit of the Wabassee Group which is
transitional (Table 1).

At Perseverance, a large set of sub-vertical dykes of differ-
ent orientations and compositions crosscuts the sub-horizontal
volcanic strata, hence complicating the reconstruction of the
succession (Fig. 3b, c). The orientation of the intrusions is
different at Bracemac-McLeod where the entire stratigraphic
succession has been intruded by gabbroic sills that inflate the
volcanic pile (Fig. 4b, c).

Alteration, mineralization and their link with the Key Tuffite

The Perseverance and Bracemac-McLeod deposits are both
surrounded by large (~1.6 km in diameter) alteration halos
developed in the footwall Watson rhyolite (Figs. 3 and 4),
which are characterized by a well-developed proximal
chloritization (± talc), moderate intermediate chloritization
and distal sericitization (Fig. 7). An alteration halo is also
present in the overlying Bracemac rhyolite and Dumagami
rhyodacite, although less extensive than in the footwall. In
both deposits, the hanging wall alteration is dominated by
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pervasive and patchy silicification and diffuse chloritization
(Fig. 7a, b). Such alteration haloes are typical of Archean
VMS systems (e.g. Galley 1993) and represent the main
exploration tool (Large et al. 2001a). Despite similar alteration
assemblages, the geometry of the alteration haloes and of the
orebodies is markedly different at Bracemac-McLeod versus
Perseverance (Figs. 3 and 4). Moreover, both are different to
the classic mound-shaped lenses of exhalative VMS systems
(e.g. Lydon 1988; Ohmoto 1996) as previously described in
the Matagami Camp for the Mattagami Lake (Costa et al.
1983) and the Isle Dieu mines (Lavallière et al. 1994).

Perseverance deposit

The Perseverance deposit consists of three main sub-vertical
lenses: Perseverance Main, Perseverance West and Equinox
(Fig. 3a), which are thought to be spatially controlled by
synvolcanic structures. Together, they contain 5.12 million
tonnes with grades of 15.8 % Zn, 1.2 % Cu, 29 g/t Ag and
0.4 g/t Au (Arnold 2006). The three orebodies are preserved in
a graben-like structure bounded by two north-west-trending
faults (Arnold 2006; Bloom and Beaudry 2009). Most of the
mineralization is present as sub-vertical massive sulfides

66
00

0E

68
00

0E

70
00

0E

72
00

0E

74
00

0E

166000N

168000N

170000N

Key Tuffite sample

Sericitization

Strong chloritization

VMS

100 m
Perseverance

Main

Perseverance
West

Equinox

N

Synvolcanic fault

se
ct

io
n 

b

se
ct

io
n 

c

50m

100m

150m

200m

250m

300m

no drill
data

50 m

no drill
data

50m

100m

150m

200m

250m

50 m

a

b c

Watson rhyolite

Dumagami rhyodacite
Gabbro

Strong chloritization
VMS

Key Tuffite

Overburden

S-W N-E S-W N-E

Fault

Fig. 3 Geology of the
Perseverance deposit (modified
from Glencore). a Plan view. b , c
Cross section of the Equinox
orebody

494 Miner Deposita (2014) 49:489–512



composed predominately of banded pyrite and sphalerite, with
lesser amounts of chalcopyrite, pyrrhotite and magnetite
hosted within the Watson rhyolite. A narrow (5 to 10 m thick)
and sub-vertical intense chloritization (± talc) surrounds the
mineralization (Fig. 3b, c). The sub-horizontal Key Tuffite,
devoid of sulfides, systematically covers the mineralization
(Fig. 3b, c). The only exception is at Equinox where sulfides
are located above the Key Tuffite and appear to replace the
Dumagami rhyodacite hanging wall (Fig. 3c). Underground
observations (Figs. 8a, b and 9a) show that silicification and
chloritization are also the dominant alteration styles in the
Key Tuffite. Hydrothermal fluids have used the primary
porosity of the hyaloclastic upper portion of the Watson
rhyolite (Fig. 8a) or the structural porosity of synvolcanic
fractures (Fig. 9a) to replace, in some cases totally, the pri-
mary textures. This silicification extends into the
Dumagami rhyodacite hanging wall (Fig. 8b). The lack

of mineralization in the Key Tuffite and the sub-vertical
geometry of the orebodies, in a sub-horizontal stratigraph-
ic pile, are unique in the Matagami mining camp. It is
apparent from the cross sections (Fig. 3b, c) that the
orebodies formed by replacement of the Watson rhyolite
within synvolcanic structures, below the Archean seafloor.
Moreover, both the alteration and mineralization are lo-
cally crosscutting the Dumagami rhyodacite hanging wall
indicating that mineralization is mostly epigenetic in
origin.

Bracemac-McLeod deposits

The Bracemac-McLeod mine consists of two deposits
(Bracemac and McLeod) spatially controlled by synvolcanic
faults and separated by a horizontal distance of 1,200 m
(Fig. 4a). In contrast to the sub-vertical conduits of
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Perseverance, the Bracemac-McLeod orebodies are sheet-like
and sub-parallel to the volcanic stratigraphy that dips 55–65°
to the south-west. The Bracemac deposit (Fig. 4b) comprises
three distinct lenses, Bracemac KT, Bracemac Main and Up-
per Bracemac. They form a stacked sequence connected by a
chlorite/sulfide alteration structure, which could be interpreted

as resulting from the reactivation of a hydrothermal system
along a synvolcanic structure after the deposition of the
Wabassee Group (Adair 2009). It is one of the first occur-
rences of stacked mineralization found in the Matagami
Camp. The McLeod deposit is composed of four lenses:
McLeod Zone, Stringer Zone, McLeod West and the newly

Fig. 6 Photomicrographs of the
Key Tuffite. Dominant
assemblages: a Chlorite and
pyrite (plane-polarised light =
ppl) around McLeod (972110 in
MC-07-24, 686 m). b Sericite
(ppl) around McLeod (716474 in
MC-05-19, 821 m). c Quartz
(cross-polarized light) around
McLeod (716489 in MC-05-18,
928 m). d Disseminated
sphalerite in a chlorite/sericite-
rich Key Tuffite (ppl) around
Bracemac (972134 in BRC-95-
11, 968 m)

Fig. 5 Representative mineral assemblages of selected Key Tuffite sam-
ples around Bracemac-McLeod (a–e ; core width=2.4 cm) and Persever-
ance (f) to illustrate the variation in facies. a Silica-sericite (sample
972209 in drill hole BRA-09-06, 85 m depth). b Silica–chlorite

(716472 in BRC-08-76, 692 m). c Chlorite–pyrite (972162 in MC-08-
62, 585 m). d Silica–sericite–pyrite (972116 in MC-08-55, 513 m). e
Pyrite–chlorite (972153 in MC-07-23, 519 m). f Chlorite–silica (969357,
level 105-PS26, underground)
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discovered McLeod Deep. Apart from the Stringer Zone,
which is hosted in the Watson rhyolite, they all occur at the
Key Tuffite level. Altogether, the Bracemac-McLeod deposits
contain measured and indicated mineral resources of 3.6 mil-
lion tonnes grading 10.6% Zn, 1.5 %Cu, 32 g/t Ag and 0.5 g/t
Au (Côté and Lavigne 2010). Additional inferred mineral
resources of 2.6 million tonnes grading 8.8 % Zn, 1.3 % Cu,
38.8 g/t Ag and 1.1 g/t Au are present in and around the
McLeod Zone, including the McLeod Deep lens discovered
in 2010 (Côté and Lavigne 2010). Geometrically, the exten-
sive and thin stratiform mineralization (~1.6 km and still open
at depth by ~250 m, <20 m thick) of the McLeod deposit
along the Key Tuffite unit (Fig. 4c) is also divergent from the
classic mound-shaped lens model of the Matagami mining
camp. The mineralogy of both deposits is dominated by pyrite
and sphalerite with lesser amounts of chalcopyrite and pyr-
rhotite (± magnetite and minor galena). The strong chlorite

alteration halo is limited to 50 m stratigraphically below the
mineralization, but widespread over 1.6 km along dip (Fig. 4).
Drill core observations of the Bracemac-McLeod deposits
clearly demonstrate that a significant portion of the minerali-
zation crosscuts and locally replaces the following units: (1)
the Key Tuffite unit (Figs. 8c and 9b), (2) the hyaloclastic
deposits in the uppermost portion of the footwall Watson
rhyolite (Fig. 8d) and (3) the Bracemac rhyolite hanging wall
(Fig. 4c). In the uppermost portion of the McLeod Zone, the
majority of the massive sulfide lens is hosted in the Bracemac
rhyolite hanging wall (Fig. 4d), whereas at depth, it is associ-
ated with, or immediately below, the Key Tuffite unit. Genet-
ically, these relationships are not easily reconcilable with an
exhalative origin of mineralization on the seafloor, although it
can still be argued that the mineralizing event continued after
the seafloor covering by the Bracemac rhyolite, as demon-
strated by the stacking at Bracemac and McLeod. However,

Fig. 7 Variability in the alteration
assemblages at Perseverance and
Bracemac-McLeod deposits. a
Patchy silicification in the
Dumagami rhyodacite at
Perseverance (PER-00-54, 74 m).
b Patchy and pervasive
silicification in the Bracemac
rhyolite at McLeod (MC-10-92A,
466 m). c Talc and sphalerite
stringers in the Watson rhyolite at
Perseverance (underground). d
Strong proximal talc ± chlorite
alteration in theWatson rhyolite at
Bracemac (BRC-09-152, 546 m).
e Black chloritization of the
Watson rhyolite at McLeod (MC-
04-04, 530 m). f Distal
sericitization of the Watson
rhyolite at Bracemac (BRC-07-
45, 480 m)
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within the Key Tuffite unit, both the relative position and
textures of the mineralization are highly variable. The silicifi-
cation and the mineralization commonly crosscut and replace
the Key Tuffite bedding (Figs. 8c and 9b) and can occur at any
stratigraphic level within the Key Tuffite, from the upper to
the lower contact. These features are not expected for
exhalative systems, but are more consistent with a replace-
ment origin (Doyle and Allen 2003). Based on all the cross-
cutting, replacement and geometric relationships, it is consid-
ered that the epigenetic component of the VMS system was
the dominant process in forming the mineralization at
Bracemac-McLeod.

Chemical characterization of the Key Tuffite

Sampling and methodology

A total of 67 samples of the Key Tuffite, from 48 drill
holes, were collected from the surrounding area of Perse-
verance and Bracemac-McLeod. The position of the sam-
ples is illustrated on Figs. 3a and 4a. For comparison, an
additional six drill holes (nine samples), located away
from all known mineralization (>450 m), were also select-
ed at the scale of the mining camp. Whole-rock geochem-
istry was carried out on 76 samples of Key Tuffite (20 cm

in length) for major, trace and rare earth elements (REE)
at the INRS laboratory in Quebec City, Canada. A
metaborate fusion was carried out on all samples, prior
to inductively coupled plasma-atomic emission spectrome-
try and mass spectrometry (ICP-MS) analyses, for a total
dissolution of resistant minerals. Standards were used to
monitor the accuracy (within 10 % relative difference) and
reproducibility (<10 % relative standard deviation) of the
analyses (Electronic Supplementary Material). Supplemen-
tary Key Tuffite data (n =25) from Perseverance, analysed by
Glencore at ALSChemex laboratory (Canada), were integrated
into our database. Results for major, trace and rare earth ele-
ments for all samples are given in the “Electronic Supplemen-
tary Material”. Table 2 presents average concentrations and
standard deviation for selected major, trace elements and REE
in the Key Tuffite samples from the Perseverance, Bracemac-
McLeod deposits and from samples located away from known
mineralization.

The composition of individual millimetric layers was
analysed by laser ablation (LA) ICP-MS at the University of
Quebec at Chicoutimi (UQAC), Canada, in order to investigate
the origin of the layering of the Key Tuffite. The methodology
follows the one described by Baldwin et al. (2011) developed
for in situ analyses of chert microbands in iron formations. The
results, standards and details on the method are also presented
in the “Electronic Supplementary Material”.

Fig. 8 Drill core and
underground photographs
illustrating the link between Key
Tuffite, alteration and
mineralization at Perseverance (a ,
b) and Bracemac-McLeod (c , d).
a Silica-rich Key Tuffite and
silicification and chloritization of
the lower part of the Dumagami
rhyodacite (Equinox,
underground, level 105-PS26). b
Silicification of the hyaloclastic
summit of the Watson rhyolite
(Equinox, underground, level
105-PS26). c Silicified Key
Tuffite enclaved in the massive
sulfide zone of Bracemac KT
(BRC-09-124, 318 m). d
Progressive replacement by
sphalerite and pyrite of the
hyaloclastic summit of the
Watson rhyolite at Bracemac
(BRC-09-124, 320 m)
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Tuffaceous component

The characterization of the tuffaceous component is critical to
understand the petrogenesis of the Key Tuffite. Furthermore,
this component has the potential to dilute the hydrothermal
component (i.e. exhalative and/or alteration). The identifica-
tion of the tuffaceous source/s can only be approached by the
use of immobile elements. In VMS systems, most of the major
and many of the trace elements are mobile during hydrother-
mal alteration (Barrett and MacLean 1999). Only TiO2 and Zr
are considered immobile even during extreme alteration
(Finlow-Bates and Stumpfl 1981). Thus, the ratio of these
two elements is commonly used to discriminate altered rocks
in volcanic terranes (e.g. MacLean and Kranidiotis 1987;
Barrett et al. 2005).

Figure 10a represents a plot of immobile elements for
all the volcanic rocks around the Bracemac-McLeod and

Perseverance area. Although the absolute TiO2 and Zr
values are highly variable, the ratios remain constant for
each lithology and plot along different alteration lines
through the origin. The Zr/(TiO2×10,000) ratios of the
Bracemac and Watson rhyolites (0.2) are an order of
magnitude higher than those of the Wabassee andesite
(0.01) and Key Tuffite (0.03) (Table 1). The Key Tuffite
was interpreted by Liaghat and MacLean (1992) to be a
mixture of andesitic calc-alkaline (Wabassee Group) and
rhyolitic tholeiitic material (Watson Lake Group). How-
ever, the Key Tuffite is clearly different in composition
from the underlying Watson rhyolite and overlying
Bracemac rhyolite (Fig. 10a) suggesting a negligible
input of rhyolitic ash. In addition, the samples plot
along a line passing through the origin with correlative
values for Pearson product of 0.90 and R 2 of 0.81 for
these immobile elements (Fig. 10). Such a sample

Fig. 9 Alteration and
replacement of specific layers in
the Key Tuffite. a Strong
silicification of the Key Tuffite at
Perseverance (Equinox,
underground, level 105-PS26). b
Selective silicification at
Bracemac (BRC-97-15, 1207 m).
c Selective silicification/
sericitization at Orchan (IM-87-
85, 869 m)
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distribution clearly indicates that the composition of the
tuffaceous component was a homogeneous ash prior to
mass gain and loss induced by hydrothermal alteration.
If different sources were involved in the formation of
the Key Tuffite, a much wider dispersion and/or differ-
ent slopes of the alteration lines would be expected on
the immobile element plots. The similarity of the alter-
ation lines between the Key Tuffite and the andesitic
unit of the hanging wall Wabassee Group (Fig. 10a) and a
plot of Nb/Yversus Zr/TiO2 (Fig. 10b) indicates an andesitic
composition of the Key Tuffite. The dispersion of sam-
ples along the Nb/Y axis indicates that Y was not

entirely immobile, as already demonstrated by Finlow-
Bates and Stumpfl (1981) in VMS environments.

In order to establish the tuffaceous component composition
prior to hydrothermal alteration, the unaltered precursor was
calculated using an average of nine samples from five drill
holes located more than 450 m away from any known deposit.
Two of these nine selected Key Tuffite sections are presented
in Fig. 2. Geochemical data confirm the homogeneous com-
position for the major (Fig. 11a), trace (Fig. 11b) and rare earth
elements (Fig. 11c) highlighting the absence of vertical geo-
chemical variation despite the textural diversity. The
alteration box plot (Large et al. 2001b), used as an

Table 2 Median compositions of the Key Tuffite around the Perseverance and Bracemac-McLeod deposits and calculated precursor

% Chlorite Zone
Bracemac-McLeod

Chlorite Zone
Perseverance

Sericite Zone
Bracemac-McLeod

Calculated precursor >450 m

n=37 n =47 n =8 n =9

Average σ Average σ Average σ Average σ

Loi 5.80 3.22 5.10 2.01 4.47 1.12 5.26 2.52

Al2O3 9.21 4.59 10.51 4.18 12.75 2.76 15.22 1.60

CaO 0.86 1.43 0.47 1.32 1.41 1.18 2.75 2.06

Fe2O3T 15.64 9.38 7.21 3.12 9.02 2.33 9.47 3.22

K2O 1.59 1.64 0.20 0.35 3.22 1.85 2.77 0.95

MgO 2.66 1.40 9.45 3.61 2.05 1.57 1.85 0.67

MnO 0.11 0.12 0.05 0.03 0.06 0.02 0.09 0.05

Na2O 0.13 0.40 0.32 0.72 0.70 0.81 3.40 1.58

P2O5 0.07 0.04 0.07 0.08 0.09 0.03 0.10 0.03

SiO2 60.92 12.92 65.80 10.57 63.72 4.88 56.12 7.29

TiO2 0.33 0.16 0.39 0.17 0.46 0.09 0.51 0.07

ppm

Zr 86.75 41.10 93.10 35.66 123.65 34.49 123.21 22.53

Nb 3.44 1.64 3.79 1.79 4.99 1.28 5.59 2.78

La 10.22 7.20 8.30 4.97 16.75 8.07 12.03 3.88

Ce 22.63 16.26 18.01 10.58 37.86 17.25 26.56 8.44

Pr 2.91 2.14 2.22 1.24 4.84 2.27 3.28 1.15

Nd 11.60 9.67 9.27 5.00 20.94 9.62 12.76 4.69

Sm 2.87 2.58 2.18 0.93 5.08 2.73 2.59 0.95

Eu 0.99 0.58 0.62 0.25 1.01 0.33 0.80 0.28

Gd 2.86 2.39 2.00 0.79 4.91 2.75 2.51 1.10

Tb 0.42 0.38 0.28 0.12 0.73 0.40 0.33 0.14

Dy 2.56 2.49 1.72 0.72 4.31 2.22 2.01 0.67

Y 18.40 19.36 11.18 8.11 26.66 14.01 11.94 4.33

Ho 0.54 0.58 0.35 0.14 0.87 0.45 0.39 0.13

Er 1.54 1.55 1.02 0.39 2.40 1.12 1.16 0.33

Tm 0.22 0.22 0.15 0.05 0.35 0.15 0.17 0.05

Yb 1.40 1.29 1.03 0.34 2.18 0.85 1.17 0.32

Lu 0.21 0.19 0.15 0.05 0.33 0.12 0.17 0.05

ΣREE 60.97 44.17 47.30 23.81 102.56 47.07 65.93 21.84
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external validation, confirms the minimal chemical change
undergone by the nine samples selected for the precursor
calculation (Fig. 12). As expected, the selected samples plot
within the field of unaltered andesite established by
Gemmell and Fulton (2001). All the other samples from
around the Perseverance and Bracemac-McLeod deposits,
except one, are extremely altered and plot toward the chlo-
rite pole. The arithmetic average of the composition of
these nine samples is considered to represent the initial
precursor and thus the tuffaceous component composition
(Table 2).

The REE are also generally considered as immobile and
consequently are widely used for establishing volcanic strat-
igraphic successions (MacLean 1988; Barrett et al. 2005)
and source determination for sedimentary rocks (Bierlein
1995). As shown in Fig. 13a, the Key Tuffite has a different
REE-Y pattern to the Bracemac and Watson rhyolites and is
closer in composition to the Wabassee mafic units. Taking
into account the REE-Y content and the La/Yb and Zr/Y

ratios (Table 1), the best candidate matching the Key Tuffite
composition is the lower andesitic unit of the Wabassee.
This unit directly overlies the Key Tuffite along most of
the south flank, but not at Bracemac-McLeod and Persever-
ance (Figs. 3 and 4). Figure 13b compares the REE-Y
content of the unaltered Key Tuffite samples with the
Wabassee andesite. Despite the similarity in the REE-Y
values, unaltered Key Tuffite samples have a slightly more
fractionated pattern compared to the andesite.
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Hydrothermal component

In order to calculate the hydrothermal effect on the tuffaceous
precursor, a mass change calculation was used, based on the
MacLean and Kranidiotis (1987) single precursor approach.
The gain or loss of an element was calculated by subtracting

the reconstituted value of the mobile element in the altered
sample from that in the precursor. The general equation, using
SiO2 as an example and TiO2 as the immobile monitor, is as
follows:

ΔSiO2 ¼ TiO2 precursor=TiO2 sample� SiO2 sampleð Þ–SiO2 precursor

The results are expressed in terms ofmass change in weight
percent (Δ).

Figure 14 represents the results of the mass change calcu-
lation for the major elements as a function of the distance
toward the Bracemac-McLeod and Perseverance deposits.
The composition far from the deposit is homogeneous with
minimal alteration until 230 m from the mineralization. From
this point toward the deposits, the composition systematically
increases for most elements (except K2O and Na2O). In par-
ticular, ΔFe2O3 and ΔMgO represent a strong chloritization
halo about 230 m around Perseverance and Bracemac-
McLeod. Despite the similar general increase of these two
elements towards the mineralization, the behaviour of Fe2O3

and MgO in the vicinity of the two deposits (last 100 m) is
different. At Perseverance,ΔFe2O3 is significantly lower than
that at Bracemac-McLeod (median of −0.9 % compared to
16.5 %, respectively). This is explained by the lack of sulfides
(pyrite) in the Key Tuffite overlying the mineralization at
Perseverance. In contrast, ΔMgO is higher at Perseverance
than at Bracemac-McLeod (median of 12.1 % against 2.2 %)
due to a greater abundance of talc in the alteration halo at
Perseverance. Based on petrographic examination (Fig. 6b),
sericite appears to be the only K-bearing hydrothermal min-
eral phase; therefore, the ΔK2O is interpreted to reflect the
distribution of sericite alteration. Mass gain of K2O (up to
3.2 %) occurs between 400 and 230 m and represents a strong
sericite alteration. The uniform depletion of Na2O closer than
400 m (median of −3.5 %) illustrates the breakdown of pla-
gioclase during sericitization (e.g. Eastoe et al. 1987). Then,
mass loss of K2O (up to −2.9 %) is dominant between 230 and
20 m, apart from one anomalous sample, and illustrates the
classic VMS alteration transition by breakdown of sericite to
form chlorite (e.g. Sangster 1972; Lydon 1988; Large 1992;
Large et al. 2001b). Finally, both mass gain and loss in K2O
are recorded in the Key Tuffite in the last 20 m around the
mineralized lenses. The more restricted sampling around the
Perseverance deposit (only two samples between 200 and
400 m) does not allow the observation of the same pattern.

Significance of layering

The finely developed layering in the Key Tuffite was previ-
ously presented as evidence for component mixing of variable
tuffaceous sources (Liaghat and MacLean 1992) and
exhalative chemical precipitates (Davidson 1977). The

0

20

40

60

80

100

0 20 40 60 80 100

C
h

l-
C

ar
b

-P
y 

In
d

ex

Alteration Index

albite

epidote ankerite/dolomite  chlorite
    pyrite

sericite

unaltered andesite field

Bracemac-McLeod
Perseverance

Calculated precursor
Unaltered samples > 450m

Fig. 12 Alteration box plot for the Key Tuffite samples (modified from
Large et al. (2001b). AI Ishikawa alteration index, CCPI chlorite–car-
bonate–pyrite index

R
o

ck
 / 

P
ri

m
it

iv
e 

m
an

tl
e

0.1

1

10

100

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Watson and Bracemac
rhyolites

Bell River Complex

Basalt

Andesite

Key Tuffite
calculated precursor

0.1

1

10

100

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

R
o

ck
 / 

P
ri

m
it

iv
e 

m
an

tl
e

Andesite

Unaltered Key Tuffite samples > 450m

a

b

Fig. 13 REE-Y multi-element variation diagrams normalized to primi-
tive mantle values from Sun andMcDonough (1989). a Volcanic rocks of
Matagami. Fields are from Gaboury and Pearson (2008), Piché (1991),
Munoz Taborda (2011), Maier et al. (1996) and Debreil (personal com-
munication). b Comparison between unaltered Key Tuffite samples and
the lower andesitic unit of the Wabassee. Field from Debreil (personal
communication)

Miner Deposita (2014) 49:489–512 503



layering is particularly well developed in the Key Tuffite at
Perseverance (Figs. 5f and 15) and together with the absence of
sulfide implies that it was preserved from later modification by
epigenetic mineralization. This portion is thus considered as the

best candidate for testing (1) mixing of ash and (2) a possible
low temperature chemical silica precipitate. A total of eight
lines from three zones (Fig. 14 and “Electronic Supplementary
Material”) were ablated by LA-ICP-MS: six represent different
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silica-rich layers and two are perpendicular to layering (i.e.
including chlorite and silica-rich layers). Results show that
REE-Y patterns are very similar to each other, regardless of
their silicic or chloritic composition, and are very similar to the
composition of the corresponding whole-rock analysis
(Fig. 11a). A distinctive felsic ash contribution accounting for
the silicic layers can be discarded, as REE patterns are not
similar to whole-rock pattern of rhyolites. Furthermore, the
similarity of REE patterns from silicic to chloritic layers is
more compatible with a silicification overprint of a homoge-
neous andesitic layered tuffaceous rock rather than that of ash
and exhalative chemical precipitate mixing. Therefore, the in
situ LA-ICP-MS results confirm the homogeneous andesitic
composition of the Key Tuffite.

Discussion

Origin of the Key Tuffite

Tuffaceous component

Liaghat and MacLean (1992) investigated the parental tuffa-
ceous component. They proposed, with a limited number of
samples (Fig. 10a, inset), that the tuffaceous component re-
sulted from mixing calc-alkaline andesite and tholeiitic rhyo-
lite ashes in various proportions. The distinction of these two
endmember sources was based on wide variation of the
LREE-Y values and variable slopes of alteration lines

(Fig. 7a, b of Liaghat and MacLean 1992). Instead, our larger
database indicates that the Key Tuffite unit, on the south flank
of the Matagami district, is andesitic in composition (Fig. 10)
with a calc-alkaline affinity (Table 1). The composition prior
to hydrothermal alteration was homogeneous as shown by a
Pearson product of 0.90 with a R2 of 0.81 for the immobile
elements (Zr-TiO2, Fig. 10a). Furthermore, data from Liaghat
andMacLean (1992) also yield a Pearson product of 0.82 with
a R2 of 0.67 indicating, in combination with data from previ-
ous studies (Fig. 10a, inset), that the Key Tuffite unit is not the
result of volcanic ash mixing. This is confirmed not only by
our regional study (Genna, unpublished) on more than 300
whole-rock analyses from the whole mining camp (Fig. 10a,
inset), but also by the LA-ICP-MS analyses at the scale of the
thin section (Fig. 15).

The lower andesitic unit of the Wabassee Group directly
overlies the Key Tuffite over most of the south flank, except in
the Perseverance and Bracemac-McLeod areas (Fig. 1). The
stratigraphic position and the similarity in composition
(Fig. 10a) of the Key Tuffite with this andesite suggest a
genetic link. The andesite represents the logical effusive
equivalent of the Key Tuffite and is the best candidate for
the source of the tuffaceous component of the Key Tuffite.
The only other alternative would be a hypothetical unknown
source from outside the Matagami volcanic succession. How-
ever, despite the similarity in the REE-Y values (Fig. 13b),
unaltered Key Tuffite samples have a slightly more frac-
tionated pattern than the andesite. These differences and
any variation within the Key Tuffite itself, such as REE
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fractionation, could be attributed to (1) physical processes,
such as sorting (Fralick and Kronberg 1997) and fragmen-
tation during a volcanic explosion (Wolff 1985; Horwell
et al. 2001) and/or (2) chemical processes during explo-
sion (Moune et al. 2006) or prolonged interaction between
seawater and suspended ash particles (Sholkovitz et al.
1994). The Key Tuffite is only composed of fine ash
resulting from an efficient process of subaqueous fragmen-
tation. Thus, the Key Tuffite could have been highly
susceptible to both the physical and chemical effects.
Ultimately, hydrothermal alteration can also mobilize the
LREE and Y (Finlow-Bates and Stumpfl 1981), which has
been documented at Matagami in the Watson rhyolite
footwall of several deposits (MacGeehan and MacLean
1980; MacLean 1988).

Our interpretation is that the Key Tuffite represents the
explosive equivalent of the lower andesitic lava of the
Wabassee and thus marks the initiation of the mafic volca-
nism. The volume of ash (up to10m thick by >17 km in length
north–south and by >1 km wide east–west) can be explained
by a catastrophic explosive event or by a multitude of mafic
eruption centres, as proposed by Sharpe (1968) based on the
abundance of coarse breccias, and the lateral facies variations
within theWabassee. The lack of lateral variation in grain size,
the well-developed planar beds and the uniform thickness of
the Key Tuffite draping the topography of the Watson rhyolite
indicate that the Key Tuffite formed as a waterlain tuff which
saturated the water column (Gibson et al. 1999). The thin
laminations preserved in the Key Tuffite suggest quiet depo-
sitional conditions in a relatively deep basin. The record of the
progressive settling of the fine andesitic ash in suspension
represents an important volcanic hiatus which was previously
linked to the mineralization event (Liaghat and MacLean
1992; Maier et al. 1996). The intercalation of the Key Tuffite
within the Watson rhyolite and the Dumagami rhyodacite or
Bracemac rhyolite implies a synchronism/overlap between the
beginning of the mafic lavas and the end of the felsic volcanic
activity.

Exhalative component

Drill core observations at Bracemac-McLeod and under-
ground observations at Perseverance (Figs. 8 and 9) provide
evidence that the mineralization formed mainly by replace-
ment processes. As a consequence, the exhalative component
should be negligible in the Bracemac-McLeod and Persever-
ance vicinity and presumably elsewhere in the camp. This is
commonly tested by a Fe/Ti versus Al/(Al + Mn + Fe) plot
which is used to estimate the proportion of tuffaceous and
exhalative components in ancient (Barrett 1981; Wonder et al.
1988; Peter et al. 2003) and modern (Boström 1973; Slack
et al. 2009) deep-sea sediments. The Fe and Mn supposedly
represent the exhalative contribution, whereas the Al and Ti

represent the tuffaceous component. Liaghat and MacLean
(1992) applied this plot for the Key Tuffite and the least
altered volcanic rocks from Matagami. The entire set of Key
Tuffite samples plot along a curve joining the clusters of fresh
mafic and felsic rocks and the metalliferous sediments of the
East Pacific Rise (Fig. 16a). Therefore, some samples were
interpreted to be composed ofmore than 80% ofmetalliferous
sediments (Fig. 11 in Liaghat and MacLean 1992). However,
altered Watson rhyolite and Wabassee andesite follow the
same trend as the Key Tuffite (Fig. 16a) indicating that this
trend does not only represent an exhalative contribution, but
can also illustrate the alteration by an increase in sulfides (Fe)
and chlorite (Fe +Mn) abundance. These results underline the
limitations of this plot for deciphering the contribution of
hydrothermal (exhalative or epigenetic) and tuffaceous com-
ponent in an ancient and altered volcanic sequence.

Figure 16b represents a plot of Y/Ho versus Eu/Eu*
(modified from Pinti et al. 2009) which has been proposed
to discriminate chemical precipitation of chert versus replace-
ment processes based on three endmembers: (1) high-
temperature fluid (Douville et al. 1999); (2) Archean seawater,
represented by Strelley Pool stromatolites (Van Kranendonk
et al. 2003); and (3) andesite of the Wabassee Group,
representing the tuffaceous component of the Key Tuffite.
Silica precipitated from Archean seawater (Van Kranendonk
et al. 2003) should have high Y/Ho ratios (~70) and moder-
ately high europium anomalies (Eu/Eu*≈1). Exhalative chert
should be a mixture of seawater and hydrothermal fluids (Pinti
et al. 2009), the latter characterized by a positive europium
anomaly (Eu/Eu*>>1). The replacement of tuff or
volcanoclastic debris by silica from hydrothermal fluids
would result in limited dispersion around the original compo-
sition of the precursor, which has low europium and Yanom-
alies. This graph shows that data from individual silicic layers
analysed at Perseverance (Fig. 15) plot close to the Wabassee
andesite and the Key Tuffite calculated precursor, indicating,
in agreement with whole-rock Key Tuffite analyses, that re-
placement processes are dominant and that an exhalative
component from high temperature fluids mixing with seawa-
ter is negligible around the Perseverance and Bracemac-
McLeod deposits.

Epigenetic hydrothermal alteration component

Based on new high-precision U-Pb age of the Watson,
Dumagami rhyodacite and Bracemac rhyolite, Ross et al.
(2014) proposed that the Key Tuffite and mineralization were
deposited on the seafloor between 2,725.9 and 2,725.4 Ma.
However, field relationships between the mineralization and
the Key Tuffite at Perseverance and Bracemac-McLeod
(Fig. 8) and geochemistry of the Key Tuffite (Fig. 16) show
that the mineralization was, for a major part, not coeval with
the deposition of the Key Tuffite, but younger. Longuépée
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(2009) documented that an alteration halo is present in the
hanging wall of most of the deposits located along the south
flank of Matagami. Although less extensive than that of the
footwall, the alteration is similar in chemistry and persistent
up to 40 m above the mineralization. This pattern, in agree-
ment with our observations of mineralization within the
Dumagami and Bracemac rhyolites, indicates that the main
stage of mineralization occurred either during the deposition
of the hanging wall rhyolites or that the VMS were mostly
formed by sub-seafloor replacement. Consequently, the epige-
netic alteration constitutes a significant component in the Key
Tuffite, a feature confirmed by the mineral assemblage. The
fine-grained mosaic of quartz, sericite, chlorite and carbonates
is the typical hydrothermal alteration assemblage observed in
the host rocks surrounding the mineralization at Matagami
(Figs. 3, 4 and 7). The hydrothermally altered Key Tuffite
laterally grades into unaltered equivalent rocks (Fig. 2). The

lateral alteration of the Key Tuffite was geochemically tested
using a mass gain and loss calculation versus the distance
towards the deposits. The results (Fig. 14) show a coherent
alteration pattern around the Bracemac-McLeod deposits: a
proximal intense chloritization (<230 m) within a larger
sericitization halo (230 to 400 m). Alteration halos present
within the Watson rhyolite footwall are identical in chemistry
and similar in dimension to the alteration halo in the Key
Tuffite. It represents the first documentation of a coherent
geochemical variation in the Key Tuffite toward a deposit in
the Matagami mining camp and thus a useful vector for
exploration.

Silicification and layering

Based on geochemistry, it is shown that the layering is not the
product of mixing of two different sources of volcanic ash
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(Fig. 10). The exhalative component is also negligible
(Fig. 16), even in the finely layered chert zones (Fig. 15),
confirming that layering is not the result of hydrothermal
precipitation on the seafloor. Furthermore, layered and massive
samples taken away from VMS deposits have a very similar
composition indicating that the composition of the Key Tuffite
is homogeneous at all scales (Figs. 11 and 15). As such, the thin
planar layering is not the result of mixingmultiple components,
but instead the result of a progressive deposition of variable
grain sizes of one type of ash in the water column (McPhie et al.
1993).

The apparent interbedding of silica, sulfide and chlorite in
the Key Tuffite (Fig. 5) most likely resulted from selective
replacement of more permeable ash layers, whereas the finer
grained, and less permeable, layers remained less altered
(Bodon and Valenta 1995; Galley et al. 1995; Doyle and
Allen 2003). Layering is well developed only in the chert-
rich sections of the Key Tuffite (Fig. 5b, f) suggesting that
layering has been preserved and even highlighted by silicifi-
cation. This process is well exposed at Perseverance where the
silicification completely replaced the Key Tuffite in the vicin-
ity of a synvolcanic fracture (Fig. 9a). This silicification
overprints and destroys the primary bedding in the first 10–
15 cm, on either side of the synvolcanic fracture, but is
focussed laterally, for 30 cm or more, along three specific
beds. Around it, the Key Tuffite is highly silicified, but the
finer scale layering is preserved. A similar process of selective
replacement of the primary layering is present in the Key
Tuffite around Bracemac (Fig. 9b). The alteration halo around
the synvolcanic fractures, which crosscuts the bedding at 45°,
is very similar to the silica-rich layers. This indicates that
hydrothermal fluids were laterally dispersed from the fractures
when the porosity allowed it. However, some sub-parallel
sulfide-rich veins crosscut the synvolcanic fractures, indicat-
ing that the mineralization of these specific layers occurred
after the deposition of the Key Tuffite and after the silicifica-
tion event. This is further evidence that the sulfide minerali-
zation is not exhalative and overprints the complex hydrother-
mal history recorded by the Key Tuffite. Finally, another
example from Orchan deposit area (Figs. 1 and 9c) confirms
the selective alteration and replacement behaviour of the fluids
along the most porous layers of the Key Tuffite. As for the
Key Tuffite at Perseverance (Fig. 9a), the width of alteration
halo surrounding the synvolcanic fracture is variable, proba-
bly as a function of the porosity of the layers infiltrated by the
fluids.

Comparison with other mistaken exhalites

The term exhalite was introduced by Ridler (1971) and refers
to the association of interbedded volcaniclastic (ash or sedi-
ments) and chemical precipitates (chert and sulfides) spatially
related with VMS deposits. Such markers are useful indicators

of the stratigraphic level of hydrothermal seafloor activity
(Spry et al. 2000). In Archean VMS environments, these rocks
are commonly interpreted as Algoma-type iron formations
(Gross 1980; Spry et al. 2000). The classification of James
(1954) distinguishes four predominant facies: sulfide, carbon-
ate, oxide and silica. In various VMS contexts, strongly al-
tered tuffaceous deposits comprising any one of these four
facies have been mistaken for exhalites in the past. For exam-
ple, the carbonate facies iron formation in the Hunter Mine
Group (Superior Province, Quebec) is in fact the result of in
situ low temperature replacement of chert and tuff beds
(Chown et al. 2000). This hydrothermal activity is interpreted
to be the result of late-stage volcanic activity and seawater
infiltration. Similar processes have been documented in the
Iberian Pyrite Belt (Leistel et al. 1997) where Fe-Mn carbon-
ates and cherts were formed below the seafloor by replace-
ment. The Helen Formation (Superior Province, Ontario) and
the chlorite–tremolite–carbonate rocks associated with the
Thalanga VMS (North Queensland, Australia), long consid-
ered as exhalative, also formed in a similar manner (Morton
and Nebel 1984; Herrmann and Hill 2001). The omnipresence
of silicification in VMS environments can also lead to erro-
neous interpretation of exhalite. For example, the ore-
equivalent horizon of the Currawong Zn-Cu-Pb(-Au) massive
sulfide deposit (Victoria, Australia) had been described as an
exhalative unit until the selective replacement of sedimentary
layers and the progressive gradation into fresh equivalent
rocks were documented (Allen 1992; Bodon and Valenta
1995). Moreover, it was demonstrated that the inter-layering
of sulfides within sedimentary rocks was the result of selective
replacement of coarser layers. Our results imply that the Key
Tuffite is another mistaken exhalite.

A replacement model for the formation of VMS at Matagami

The origin of the zinc-rich VMS deposits of the Matagami
mining camp has long been debated. Previous studies showed
evidence that the mineralization was in part epigenetic/
replacement in several deposits along the south flank (e.g.
Hallam 1964; Sharpe 1968; Clark 1983). Results of this study
also imply that replacement is the dominant process over
seafloor accumulation to form the Perseverance and
Bracemac-McLeod deposits. The fluids are, however,
synvolcanic in origin as demonstrated by the fluid inclusions
(Ioannou et al. 2007). Thus, the link with the Key Tuffite is
more spatial than genetic. The primary porous, water-
saturated and glassy nature of the Key Tuffite makes it a
favorable host for replacement-type mineralization or silicifi-
cation as is common for unconsolidated volcanic debris layers
(Doyle and Allen 2003).

Perseverance and Bracemac-McLeod not only represent
the two extremities of the south flank, but also the two
endmembers considering the geometry of the mineralized
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lenses: discordant sub-vertical pods versus stratabound
sheet-like. The general geometry of theses lenses is ac-
cepted to be mostly primary since the intensity of defor-
mation along the south flank is weak (Piché et al. 1990;
Lavallière et al. 1994) and incompatible with significant
remobilization of ore. Despite their geometric differences,
the formation of these two deposits is best explained by
replacement processes. In both cases, ascending hydrother-
mal fluids were probably focused at depth by synvolcanic
faults (Figs. 3 and 4). However, for Perseverance, the
mineralization and hydrothermal alteration reflect the ge-
ometry of the sub-vertical structures themselves, indicating
focused flow of hydrothermal fluids with minimal lateral
dispersion into the volcanic succession. The overlying Key
Tuffite is strongly altered (Fig. 11) but devoid of sulfides
(Figs. 5f and 8b). The pervasive silicification in the Key
Tuffite (Fig. 9a) and throughout the Dumagami rhyodacite
hanging wall (Figs. 7a and 8a, b) could have occurred
early in the life of the hydrothermal system by low-
temperature fluids precipitating silica in pore spaces and
fracture fillings. In this scenario, the Key Tuffite represents
a cap rock sealing the roof of the system, being imper-
meable and refractory to mineralization. This process is
common and important in replacive VMS processes (Jones
et al. 2006; Schardt and Large 2009) as the mineralization
is focalized beneath the impermeable alteration horizon
(e.g. Gibson and Kerr 1993; Galley et al. 1995; Doucet
et al. 1998; Sharpe and Gemmell 2001) and promotes
thermal zone refining (Franklin 1995; Hannington et al.
1998). Similar geometry has been recognized in several
VMS in Australia, where Mount Morgan and Reward
(Large 1992) are good examples.

In contrast, at Bracemac-McLeod, the ascending fluids in
synvolcanic structures were dispersed when they reached the
porous Key Tuffite to produce widespread stratabound alter-
ation (Fig. 14). The sheet-style massive sulfide orebodies of
Bracemac-McLeod suggest a progressive replacement in-
duced by fluid percolation focused along the Key Tuffite but
also replacing the hyaloclastic upper part of theWatson Group
(Fig. 8d). This last process was documented for theMattagami
Lakemine where the top of theWatson rhyolite is described as
thick vitroclastic mineralized tuff (Roberts 1975; Roberts and
Reardon 1978), hence highlighting the importance of the
volcanic permeability for replacement. Similar sheet-like and
low aspect ratio deposits have been described in Australia and
are commonly considered to be formed by synvolcanic sub-
seafloor replacement. The best examples are Rosebery,
Thalanga and Scuddles (Large 1992; Allen 1994).

Replacement processes have probably been underestimated
in previous studies of the VMS deposits in the Matagami
mining camp due to the obvious link with the Key Tuffite.
Indeed, the exhalative model is not the most efficient mineral-
ization process since it has been estimated that 99 % of the

metals from hydrothermal vents are dispersed in the ocean
(Rona 1984). The replacement model better accounts for the
very high zinc grade of the Matagami VMS deposits.

For exploration, the Key Tuffite represents a major volca-
nic hiatus and the transition from felsic- to mafic-dominated
volcanism. The hydrothermal activity probably started during
the deposition of the Key Tuffite and could have contributed
to form some VMS deposits as suggested previously (e.g.
Lavallière et al. 1994). However, Perseverance and
Bracemac-McLeod highlight the fact that the hydrothermal
activity continued after the deposition of a part of the
Wabassee Group (after 2,725.8 Ma, Ross et al. 2014). The
mineralization was controlled by the porosity of the overlying
volcanic facies (Key Tuffite and hyaloclastic top of the Wat-
son rhyolite) and synvolcanic structures suggesting that eco-
nomic mineralization could be found at other stratigraphic
levels if the permeability allowed mineralizing fluid flow.
However, the Key Tuffite is important because in most cases,
it was the first thick porous unit that the mineralizing fluids
encountered during their migration towards the seafloor.

Conclusions

The Key Tuffite is spatially linked with all the exploited
zinc-rich VMS deposits in the Matagami mining camp.
Previously thought to be exhalative in origin, new field
observations and geochemical data at the Perseverance
and Bracemac-McLeod deposits demonstrate that the
exhalative component is negligible or absent. The unit is
only composed of andesitic ash, which probably repre-
sents the explosive equivalent of the first mafic units of
the overlying Wabassee Group. The mineralization event
was dominantly epigenetic and occurred most likely as
sub-seafloor replacement. Mineralizing fluids used
synvolcanic structures and replaced units such as the
Key Tuffite or the hyaloclastic top of the Watson rhyolite.
A coherent geochemical alteration pattern in the Key
Tuffite can be used as a vector towards VMS mineraliza-
tion in the Matagami Camp. The VMS mineralization is
not limited to the Key Tuffite level and is partly con-
trolled by the permeability of the volcanic facies.
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